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O ' Abstract 

*-£h | Almost thirty years ago, Penny G. Estabrooks asked "Where and what are the scalar 

i" 1 ■ mesons?" [1]. The first part of her question can now be confidently responded [2]. However, 

Ph. with respect to the "What" many puzzles remain unanswered. Scalar and axial-vector 

^ e— | mesons form part of a large family of mesons. Consequently, though it is useful to pay 

them some extra attention, there is no point in discussing them as isolated phenomena. 
The particularity of structures in the scattering of — basically — pions and kaons with 
zero angular momentum is the absence of the centrifugal barrier, which allows us to 'see' 
strong interactions at short distances. Experimentally observed differences and similarities 
between scalar and axial-vector mesons on the one hand, and other mesons on the other 
hand, are very instructive for further studies. Nowadays, there exists an abundance of 
theoretical approaches towards the mesonic spectrum, ranging from confinement models 
of all kinds, i.e., glueballs, and quark-antiquark, multiquark and hybrid configurations, to 
models in which only mesonic degrees of freedom are taken into account. Nature seems 
to come out somewhere in the middle, neither preferring pure bound states, nor effective 
meson-meson physics with only coupling constants and possibly form factors. As a matter 
of fact, apart from a few exceptions, like pions and kaons, Nature does not allow us to 
study mesonic bound states of any kind, which is equivalent to saying that such states do 
not really exist. Hence, instead of extrapolating from pions and kaons to the remainder of 
the meson family, it is more democratic to consider pions and kaons mesonic resonances that 
happen to come out below the lowest threshold for strong decay. Nevertheless, confinement 
is an important ingredient for understanding the many regularities observed in mesonic 
spectra. Therefore, excluding quark degrees of freedom is also not the most obvious way of 
describing mesons in general, and scalars and axial- vectors in particular. 



1 



1 Introduction 



Since all known mesonic resonances have quantum numbers (spin J, parity P, charge-conjugation 
parity C, flavour/isospin) which agree with the quantum numbers of a confined pair of a quark 
and an antiquark, it is reasonable to set out a description in terms of a confined two-particle 
system, like the harmonic oscillator (HO) [3]. However, the experimental mass spectrum of 
mesonic resonances does not agree with the spectrum of the ordinary HO [4]: masses from the 
HO and from experiment differ substantially, while, furthermore, many HO states are not seen 
in experiment. 

Recent discoveries [5], [6] seem to indicate that the present experimental spectrum for mesonic 
resonances is still very incomplete, but masses are usually well determined. Hence, the HO 
classification of states may work well, but it fails to reproduce the masses accurately. However, 
reproducing the data is not only reproducing resonance positions and possibly widths. One must 
also reproduce the full scattering data of experiment, even at energies where no resonances show 
up, and in all possible scattering channels. Consequently, it is not at all clear that the HO 
does not work well for confinement, as long as the effects of all possible meson loops have not 
yet been accounted for [7] . Moreover, upon exploring the Weyl-conformal-invariance property of 
QED/QCD, one obtains Anti-DeSitter (AdS) confinement [8] with flavour-independent HO-like 
level spacings of spectra. The linear-plus- Coulomb type of confinement is in the AdS approach 
obtained from one-gluon exchange at short distances [9]. Furthermore, in lattice-based results, 
one also seems to observe a HO-like spectrum [10], but the common practice of fitting lattice 
parameters to the ground states of the spectrum leads to too large level splittings at higher 
energies [11]. 

Unquenching the confinement spectrum has been studied by various groups, and for a variety 
of different confinement mechanisms [7,12-15]. The procedure usually amounts to the inclusion 
of meson loops in a qq description, or, equivalently, the inclusion of quark loops in a model 
for meson-meson scattering, resulting in resonance widths, central masses that do not coincide 
with the pure confinement spectrum, mass shifts of bound states, resonance line-shapes that are 
very different from the usual Breit-Wigner ones, threshold effects and cusps. In particular, it 
should be mentioned that mass shifts are large and negative for the ground states of the various 
flavour configurations [16]. Unquenching the lattice is still in its infancy, at least for the light 
scalars, as we conclude from Ref. [17]. However, its effects should not be underestimated. Hence, 
ground-state levels of quenched approximations for qq configurations in relative 5-waves must be 
expected to come out far above the experimental masses. 

From pure 2-body harmonic-oscillator confinement we expect to find 18 cc states in the mass 
region of 4.0±0.2 GeV, according to the quantum numbers given in Table [TJ Nevertheless, we 
encounter only three states with established quantum numbers in Ref. [18], i.e., ^(3770) at 3.77 
GeV, ^(4040) at 4.04 GeV and ^(4160) at 4.16 GeV. The discovery of possibly four more cc 
states in this mass region [19] starts filling the many gaps in the experimental cc spectrum. 
But for unquenching HO confinement, one also needs some detailed experimental information on 
charmed decay modes. However, the only experiment which addresses this issue [20] dates from 
1977, and reports results that are at odds with naive expectations [21]. 

In this context it is opportune to quote the remark of E. Swanson in his excellent review on 
the newly discovered states [22]: "It is worth noting that attempts to unquench the quark model 
are fraught with technical difficulty and a great deal of effort is required before we can be confident 
in the results of any model." 
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Table 1: cc states expected in the mass region 4.0±0.2 GeV. 
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2 Coupled channels. 

Using coupled-channel techniques, one can simulate unquenching. In Refs. [7,23], quark-pair cre- 
ation was modelled by coupling qq confinement and meson-meson scattering channels. Yu. Kalash- 
nikova [24] applied this method to describe the new X(3872) state [19] by coupling cc with 
J p = 1+ to D-meson pairs (DD, DD*, D*D\ D S D S , D S D* S and D*D*). In Refs. [7,23], the same 
technique was applied to bound states below the lowest threshold for strong decay. Hence, in 
this philosophy, such states contain components of virtual meson pairs. C. Albertus described in 
his talk a method to actually observe the virtual B*ir component of the B meson in semileptonic 
B -> niv decay [25]. 

In other approaches, the composition of confinement channels is not a priori known, since 
their effects are replaced by resonance-pole exchanges [26-28] . These methods have the advantage 
that the difficult issue of confinement does not have to be addressed when analysing scattering 
data. In particular in the scalar-meson sector it has shown to be a convincing strategy. 

Z?* (2317) and its first radial excitation. Confinement dictates the quantum numbers of 
the states, and indicates the mass region where one may expect to observe them. Fine structure 
follows from additional interactions, which may even generate 'dynamically' extra resonances. 

When in the model of Ref. [16] one determines the mass of the lowest cs state in a relative 
P-wave, one obtains 2.545 GeV for pure HO confinement, so even larger than the mass of 2.48 
GeV predicted by S. Godfrey and N. Isgur [29]. But under the creation of a non-strange quark 
pair this system couples to D(cn) + K(ns), which has its threshold at 2.363 GeV. Unquenching 
the cs state, by allowing it to couple to DK [30], brings the ground-state mass of the full system 
down to 2.32 GeV, exactly where it has been found in experiment [31,32]. Similar results have 
been obtained by D. S. Hwang and D.-W. Kim [33], and by Yu. Simonov and J. A. Tjon [34]. 

There exist many alternative explanations for the mass of the _D* (2317). Exploiting the full 
Dirac structure of confined qq states, T. Matsuki and collaborators got 2.446 GeV in Ref. [35] and, 
after refining their parameters, 2.330 GeV in Ref. [36]. Applying the resonating-group method 
to a chiral-symmetric quark model, P. Bicudo obtained short-range meson-meson attraction and 
so DK molecules [37]. This interesting result partly confirmed the description in Ref. [30]. In 
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the latter work, the P* (2317) was considered a two-component object: 1) a pure cs state in a 
relative P-wave; 2) an S"-wave DK state. Hence, it certainly contains a virtual DK molecular-like 
component. 

Th. Mehen and R. Springer [38] concluded that including counterterms is critical for fitting 
current data of scalar and axial-vector charmed mesons with one-loop chiral corrections. By 
imposing simultaneously the constraints from chiral symmetry and heavy-quark spin symme- 
try on effective theories of heavy-light hadrons, M. Nowak and J. Wasiluk [39] advocated that 
P* (2317) and P s i(2460) must be viewed as the chiral doublers of D s and D*, which was con- 
tested by P. Bicudo [40]. A. Zhang [41] found that the slopes of Regge trajectories decrease with 
increasing quark mass, and predicted 2.35 GeV for the mass of the missing J p = 1 + D meson. 
We certainly endorse his recommendation that "predicted states should be searched for and more 
(strong) decay modes should be detected. " 

Since the mass of the P* (2317) ends up below the threshold of the lowest OZI-allowed [42] 

Table 2: The experimentally observed light positive-parity mesons. 
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decay mode (i.e. DK), it represents a bound state in this specific selection of decay channels, 
which we consider the most important. Consequently, the P* (2317) may be represented by a 
pole on the real energy axis. The pole representing the first radial excitation of the cs system in a 
relative P-wave comes out well above the DK threshold in the model of Ref. [43]. Consequently, 
this pole has a negative imaginary part [44,45], which gives rise to the width of the radial 
excitation of the P* (2317). In Ref. [44], two poles were found, one at 2.32 GeV and a second at 
(2.85 — z0.024) GeV, representing the ground state and the first radial excitation of the J p = + 
cs system, respectively. Experiment [6] reported a cs structure at 2.86 GeV, with precisely the 
same line-shape as the theoretical prediction [45], and being compatible with J p = + quantum 
numbers. However, an alternative explanation exists [46]. 

But in Ref. [44] an additional pole showed up in the scattering amplitude of the model of 
Ref. [43]. Its theoretical position was reported at (2.78 — i0.23) GeV. The appearance of such 
dynamically generated poles is no surprise, since similar (at that time 'unexpected') poles had 
been observed and reported [2] for the model of Ref. [16], explaining well the existence of the 
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Figure 1: Trajectories of poles in the DK S-w&ve scattering amplitude for the model of Ref. [44], 
as a function of the amount of unquenching. In the quenched approximation, the dynamically 
generated pole has negative infinite imaginary part, whereas the confinement ground state comes 
out at y/s = 2.454 GeV on the real axis. The arrows indicate how the poles move when un- 
quenching increases. The model's physical values are indicated by dots. The imaginary axis is 
drawn at the DK threshold. 

J p = + phenomena below 1.0 GeV, as the natural consequence of combining confinement and 
quark-pair creation. 

In Fig. [1] we show the trajectories of the two lowest-lying poles in the scattering matrix 
for increasing cs-DK coupling. The BABAR collaboration reported in Ref. [6] on the possible 
existence of a broad cs resonance, which might correspond to the dynamically generated pole. 

E. Kolomeitsev and M. Lutz [47] obtained a bound state at 2303 MeV for a coupled DK-D s rj 
system from their non-linear chiral SU(3) Lagrangian. 

Four-quark configurations have been proposed to explain the mass of the D* (2317), namely 
by L. Maiani et al. [48], by H. Cheng and W. Hou [49], and by K. Terasaki [50]. The latter author 
argued in his talk [51] why the doubly-charged partners have not been seen by BABAR [32]. In 
Ref. [52] , it was concluded that the qq picture is not adequate for charmed scalar mesons, based 
on the conflict between theory and experiment for chiral-loop corrections to the mass differences 
between the scalar and pseudoscalar heavy-light mesons: ll the unitarised meson model of Ref. [2] 
or the 4-Quark picture for the scalar mesons [49, 50] may be a useful remedy in explaining the 
scalar states containing one heavy quark. " 
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3 Positive-parity mesons. 



In Table F2], we show the experimental spectrum of light positive-parity mesons. Only the / 2 
states allow for comparison with HO confinement. We therefore assume that the states in the 
first two f'2 columns contain mostly non-strange qq pairs, and in the next two predominantly ss 
pairs. Furthermore, the quark pair may come in a relative P-wave (1 st and 3 rd column), or in an 
P-wave (2 nd and 4 th column). From the values for the central mass positions as given in Ref. [18], 
we collect in Table [3] mass differences for a selected set of f2 states. For HO confinement one has 

Table 3: The experimentally [18] observed mass differences for a selected set of light positive-parity 
mesons. 
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a level spacing of 0.38 GeV [16], which agrees well with the splittings in Table [3j The degeneracy 
lifting of P-wave and P-wave is some 40 ± 10 MeV for non-strange (1 st and 2 nd f 2 column in 
Table P2]), and about 165 ± 20 MeV for strange (3 rd and 4 th column). But the non-degenerate 
ground states / 2 (1270) and / 2 (1430) do seem too high in mass with respect to the splittings in 
Table [3l In order to understand that, we have to return to Fig. [TJ 

The two trajectories shown in Fig. [1] come close to each other for certain values of the cs- 
DK coupling. Upon a variation of one other model parameter, this becomes a saddle point. 
Depending on the value of this parameter, the trajectories may interchange. In that case the end 
points are connected differently, making the P* (2317) the dynamically generated state, whereas 
the other pole then seems to stem from the confinement ground state. This is actually what 
appears to happen for the light positive-parity ground-state mesons and makes them move up 
in energy when unquenching is turned on. For the scalar mesons, those states correspond to the 
/o(1370), / (1500), P"q(1430) and a (1450). The dynamically generated poles correspond to the 
lower-lying scalar mesons [2]. 

4 The light scalar mesons. 

The scalar mesons have been a source of inspiration and controversy since the 1960s. Particularly 
the e(600) and k(900) [53], nowadays called / (600) (or simply a) and Pq(800) [18], respectively, 
disappeared from the 'Particle Listings' in the late 1970s [54]. Their nature is still not settled, 
nor for their nonet partners /o(980) and ao(980). But it seems that we are converging towards the 
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idea that low-energy scattering data are best described by a nonet of scalar S'-matrix poles [55] . 
In Fig. [2] we collect some of the pole positions encountered in the literature for the a and the k. 
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Figure 2: Pole positions found in the literature, for the two most disputed scalar mesons: /o(600) 
and J^q(800). From the above collection of real and imaginary parts, we find on average for the 
/o(600) pole position (497 ± 109)-z'(269 ± 106) MeV, and for the K*(800) (805 ± 143)-z(249 ± 
109) MeV. The figures are taken from http://cft.fis.uc.pt/eef/sigkap.htm where, more- 
over, all references are given. The open circles correspond to the scattering poles in Ref. [2]. 

As early as in 1968, P. Roy [56], using current- algebra sum rules, estimated that a k meson 
might exist, with a central mass at 725 MeV and a width of >28 ± 2 MeV. Later, J. Basdevant 
and B. Lee [57] determined, for various values of the a mass and width within the a model. 
For f n = 95 MeV, they found M a = 425 MeV and r CT = 220 MeV. In Ref. [58], a Lagrangian for 
vector-meson exchange was employed to determine masses 460 MeV and 665 MeV, and widths 
675 MeV and 840 MeV, for the a and the k, respectively. In 1982, M. D. Scadron [59] extended 
to the entire scalar nonet the dynamical spontaneous breakdown of chiral symmetry for the QCD 
quark theory, elaborated with R. Delbourgo in Ref. [60], resulting in <r(750), k(800), /o(980) and 
a (985), with respective widths of 280 MeV, 80 MeV, 24 MeV and 58 MeV. 

In the meantime, based on the phenomenology of tetraquarks {qqqq), R. L. Jaffe [61] also 
had come to the conclusion that "there should be a very broad kaon-pion enhancement at roughly 
900 MeV." The reason for considering multi-quark configurations was based on the observation 
that naive confinement models, taylormade for cc and bb, produce spectra for positive-parity 
mesons comparable to the spectrum shown in Table [21 with no sign of the light scalar mesons, 
and, furthermore, in order to explain the degeneracy of /o(980) and ao(980). In Ref. [2] (1986), 
however, it was shown that the coupled-channel approach, representing quark-pair creation, is 
capable of describing the spectra of heavy and light quarks with one set of parameters, and that, 
as a bonus, the full light scalar nonet pops up without even being anticipated, with / (980) and 
cio (980) almost degenerate, and having widths comparable to experiment (the a and n results for 
Ref. [2] are shown in Fig. [2]). The effects of S-w&ve thresholds have been studied in Refs. [9,62,63]. 

Nevertheless, many years later, the Julich group did not find a k pole in their meson-exchange 
model [64], nor did N. Tornqvist and M. Roos [65], nor the i^-matrix analysis of A. Anisovich and 
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A. Sarantsev [66] . Moreover, in order to explain part of the scalar-meson nonet with the lowest- 
lying ++ glueball, P. Minkowski and W. Ochs argued that rather a distorted nonet containing 
the /o(1500) as a partner [67] is consistent with what can be expected theoretically. The issue 
culminated in a paper by S. Cherry and M. Pennington [68], which claimed in the title " There 
is no n(900) n , followed by Ref. [69], in which M. Boglione and M. Pennington even argued that 
the k pole might be found on the real axis, below the Kir threshold. 

Many more works have appeared on the matter of the light scalar mesons and, in particular, 
on the existence and position of the k pole. The Ishidas, with K. Takamatsu and T. Tsuru, 
applying the method of interfering Breit-Wigner amplitudes to a reanalysis of the Kir S-wave 
phase shifts, found evidence for the existence of a k(900) [70]. D. Black, A. Fariborz, F. Sannino 
and J. Schechter, studying meson-meson scattering with the use of an effective chiral Lagrangian, 
found a k(900), together with <r(560), ao(980) and /o(980) [71]. But they also remarked that 
fitting the light scalars into a nonet pattern suggests that the underlying structure is closer 
to diquark-antidiquark than to quark- ant iquark. M. Volkov and V. Yudichev proposed that the 
/o(1500) should be composed mostly of the scalar glueball [72]. Y. Dai and Y. Wu [73] concluded, 
using a non-linear effective chiral Lagrangian for meson fields, obtained from integrating out the 
quark fields by using a finite regularisation method, that the lightest nonet of scalar mesons, 
which appear as the chiral partners of the nonet of pseudoscalar mesons, should be composite 
Higgs bosons with masses below the chiral-symmetry-breaking scale A x ~ 1.2 GeV. H. Q. Zheng 
and collaborators [74] showed that the k resonance exists, if the scattering-length parameter 
in the 7 = 1/2 and J = channel does not deviate much from its value predicted by chiral 
perturbation theory. T. Kunihiro et al. [75] reported on very heavy k mesons in unquenched 
lattice calculations. Y. Oh and H. Kim [76] proposed that the scalar k(800) meson may play an 
important role in K* photoproduction, and in particular that the parity asymmetry can separate 
the K-meson contribution in K* photoproduction. 

A breakthrough came from the .£7791 experiment, with a clear k(800) signal [77]. But the 
analysis of production data is far from trivial, and seems to be still under study [78]. However, 
in Ref. [79] J. Oiler showed that scattering data for nn and Kit [80] are in perfect agreement 
with the more recent production data [77,81], using the unitarised chiral perturbation method, 
earlier developed with E. Oset and J. Pelaez [82]. Recently, also the BES collaboration found 
evidence for K-meson production, i.e., in J /if; — > K* (892)K + n"~ [83]. In his analysis of the 
combined LASS, E791 and BES data, D. V. Bugg concluded that Kir is fitted well with a n pole 
at (750 ± 30) - z(342 ± 60) MeV and the usual £T (1430) resonance [84]. 

In Ref. [85], a scalar nonet k(1045), <t(600), ao(873) and /o(980) was obtained, using the 
extended three-flavour NJL model, which has no quark confinement, and including 4- and 6-quark 
interactions. In Ref. [86], it was shown that one needs to include at least also 8-quark interactions 
in the NJL model in order to obtain globally stable vacuum solutions. This has, moreover, a 
considerable effect on the mass of the a resonance [87]. Finally, Ref. [88] demonstrated how, in 
the model of Ref. [30], by just varying the flavour-mass parameters (and at the same time the 
related threshold masses), the poles of the universal S'-matrix transform into one another, thus 
relating e.g. k(800) to D* (2317) via a continuous process. 

5 Conclusions. 

In the past decade, great progress has been made in the theoretical understanding of the mesonic 
sector of hadronic resonances, in particular of the light-scalar nonet. The efforts in setting up and 
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carefully analysing new experiments have greatly contributed to this achievement. Nevertheless, 
it should be recognised that still a lot of additional data are needed and must be unravelled, in 
particular on resonance positions and strong-decay branching ratios, before we can hope for a 
more complete understanding of strong interactions. 
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